INTRODUCTION
Within many behavioral contexts, it is advantageous for an animal to quickly return to a specific location such as a nest, preferred perch, or food source [1, 2] . One strategy for revisiting a desired location is to use sensory signals originating from that location, such as visual or chemical cues. In this case the animal does not need to remember a specific location-it simply finds it again based on the same guidance cues it used to discover the site in the first place. A more sophisticated strategy is to truly remember the location using some internal representation of space [3] . To construct such a representation, animals can use allothetic cues, such as visual or chemical landmarks, or idiothetic cues that arise from proprioceptive feedback and internal copies of motor commands. Many animals, including desert ants [4] , honeybees [5] , and desert isopods [6] , execute path integration by keeping track of distances and orientations as they move and using this stored information to calculate their current position relative to some starting location. Evidence suggests that these animals often use both external cues (e.g., sun position [7] ) and internal cues (e.g., proprioceptive signals from legs [8] ) to measure distance and orientation, although in principle it is also possible to simply keep track of orientation via idiothetic cues alone-a form of dead reckoning that would be subject to error accumulation.
Like most animals that are not central place foragers, the fruit fly Drosophila melanogaster is not renowned for its path integration ability. Because flies have no permanent home or nest, perhaps there is no location to which they need to return repeatedly. However, even animals possessing an errant life history may wish to return to the same location again and again-for example, a feeding site that lasts long enough to be exploited multiple times. Recent evidence suggests that fruit flies can exhibit place memory; they can remember the spatial location of a cold spot within a warm landscape using visual [9] or mechanosensory [10] cues and can also remember the location of a visual target after it has disappeared [11] . In the brain, the wedge cells within the ellipsoid body of the central complex exhibit properties reminiscent of head-direction cells in the hippocampus of mammals [12] , a property that appears to arise from the integration of angular velocity [13, 14] . Given the remarkable conservation of central complex anatomy across insect taxa, it is likely that rudimentary path integration is a deeply seated and ubiquitous capability among insects [15] .
In this paper, we consider path integration in the context of a peculiar but stereotypic behavior that flies exhibit upon discovering food. After feeding from a small food drop, a hungry fly continuously loops around the vicinity of the newly discovered resource. Vincent Dethier, who first described this behavior, called it a ''dance,'' in analogy with the waggle dance of honeybees [16] . Dethier interpreted this behavior as a search for additional resources and showed that it is dependent on both food quality and the internal nutritional state of the fly. For example, the search radius and the total distance traveled during the dance depended on the starvation state of the animal as well as the type of food offered [16] [17] [18] . Dethier made his initial observations on the blowfly Phormia, but subsequent research showed that house flies and fruit flies dance, and thus the behavior is likely ubiquitous among dipterans [19] [20] [21] . A recent study of Drosophila shows that when foraging within an array of food drops, a fly's probability of revisiting a single site depends upon its internal state and the food quality [22] ; however, the mechanisms by which it returns to the same location repeatedly are not known.
In this study, we took a psychophysical approach to address the mechanistic question of how flies remain in the vicinity of a food drop while they dance. We found that flies danced in complete darkness and in the absence of chemical cues arising from the food or pheromonal cues laid down by the fly as it walks. Moreover, we found that flies continued to dance around the original position of a drop even after we moved the drop during the course of the dance. We quantitatively analyzed the locomotor statistics of the dances and show that a simple biased run-and-tumble model cannot reproduce the centralized nature of dances. We conclude that the most parsimonious explanation for the dance is that it represents a form of path integration, in which flies use idiothetic cues to remember their position relative to the food in order to anchor their search around its location.
RESULTS
We tracked individual female flies in a large circular arena (170 mm diameter) containing a 1 mL drop of either 5% yeast or water at the center. Before finding the food, the hungry flies explored all regions of the arena with roughly equal probability (Figure 1A, right; Movies S1 and S2). After finding the food drop, however, flies quickly changed their pattern of walking to one that suggested a local search centered on the food ( Figure 1A ; Movie S1). In this behavioral mode, the flies would repeatedly circle outward from the food and then return. From this point on, we will refer to this behavior as a ''local search,'' rather than a ''dance,'' as it better describes the likely function of the phenomenon. Flies did not search locally after finding water but rather left the drop and typically walked toward the wall of the arena ( Figure 1B ; Movie S2). Flies revisited the food drop multiple times (median 6.5, 95% confidence interval [CI] [5.0, 8 .0], n = 48 flies) within the course of the 30-min trials, whereas they rarely revisited the water drop (median 1.0, 95% CI [1.0, 1.0], n = 20 flies). In addition, due to the centeredness of the search trajectories, the maximum distance walked by the flies before touching the arena wall after encountering food was substantially greater (median 745.0 mm, 95% CI [502.9, 964.6]) than after finding water (median 107.6 mm, 95% CI [95.6, 157.5]).
Flies Can Execute a Local Search without External Sensory Cues
To determine whether flies use external cues to remain near the food drop after first encountering it, we individually eliminated visual, olfactory, or pheromonal cues. To eliminate visual cues, we ran trials in the dark using 850-nm light for tracking the flies. We initially attempted to block olfaction by testing flies in which the obligatory olfactory co-receptor orco was mutated. However, it took orco À flies no longer to find the yeast drop than wild-type flies ( Figure S1 ; STAR Methods) [23] , suggesting that the orco mutation does not block detection of all olfactory cues emitted by the yeast [24] . To eliminate olfactory cues, we therefore used an odorless food, sucrose, instead of yeast [5, 25] . We found no difference in the time it took wild-type flies to find a sucrose drop compared to a water drop (in both large and small arenas; Figures S1A and S1B), suggesting that the sucrose does not provide salient chemical cues. To eliminate pheromonal cues that the flies might leave on the floor of the arena, we used flies in which oenocytes of the abdomen, which produce cuticular pheromones, were genetically ablated [26] (oe À flies). Under all three conditions, flies still exhibited centralized search behavior after encountering food (Figure 2A) . In both the case of flies in the dark and those lacking oenocytes (Movie S3), the search behavior was actually prolonged compared to wild-type flies in a lighted chamber, as measured by the median number of food revisits (dark: median 17.0, 95% CI [13. Figure 2C ). In the sucrose trials, the median number of food revisits was reduced compared to the yeast trials (median 2.0, 95% CI [1.0, 4.0], n = 25 flies; Figure 2B ), although the maximum distance walked before running into the wall was similar (median 722.5 mm, 95% CI [205.4, 924.1]; Figure 2C ). We expected some difference between yeast and sucrose trials because, as Dethier first observed, the looping motions of flies are more compact following encounters with higher-quality food [16] [17] [18] . Additionally, we measured a slight increase in median walking speed after food encounter (dark: before food: 5.9 mm/s, 95% CI [5. 
Flies Remember the Original Location of the Food
To test more directly whether flies center their search around the food because they perceive its location, we constructed a new arena in which the food could be translated from the center to the edge of the arena ( Figure 3A, left) . After a fly found the food and started to search, we quickly moved the drop to a new location (Figure 3A , right; Movies S4, S5, and S6). In this manner, we eliminated both the visual and olfactory cues associated with the original position of the drop. Moreover, all trials were conducted in the dark, so the flies could see neither the drop nor any external landmarks. We had to take special care that the motion of the slider did not create aversive mechanical stimuli that startled the fly and interfered with its behavior, although it was impossible to ensure that they could not detect the movement to some degree. After we moved the drop, most flies continued to search around its original position, suggesting that they retain a memory of the food's location ( Figure 3B , third and fourth columns). In trials in which flies never encountered the drop at its new location, they continued circling the original location until the end of the trial ( Figure 3B , top row). Although it is possible that the flies remained near the old location of the food by following their own very recent chemical trails, this is unlikely. As shown in Figure 3 , we typically moved the slider while the flies were still looping quite close to the food. After we moved the food, the flies would loop outward and back, passing through sections of the arena through which they had not yet traversed. In trials in which flies found the drop at its new location, they either re-centered their walking around the new location (Figure 3B , third row; Movie S5) or appeared to circle both the new and old positions of the drop ( Figure 3B , second row; Movie S6). The fact that flies would continue to center their search around the original location of the drop-even after they encounter the food elsewhere-suggests that they use idiothetic cues to remain near the location where they found the food, and that this position acts as an anchor point in the fly's spatial memory. Figure S1 .
Changes in Turning Statistics Do Not Explain the Local Search
Although our experiments suggest that flies might use idiothetic cues to search near the food drop, it is also possible that the behavior results from a random search, which does not require any memory of distance traveled, orientation, or initial location. To test the possibility that the behavior could be explained by a biased random search, we first determined how the turning statistics of the fly changed after a food encounter, using a turn classifier based on detecting peaks in angular velocity ( Figure 4A ). After encountering food, flies tended to turn more sharply ( Figure 4B ) and more frequently, thus decreasing run lengths ( Figure 4C ). Moreover, there was a greater than 60% probability that a large turn (>45 ) would be in the same direction as the large turn preceding it (data not shown). We then created an agent-based model of the flies' behavior based on the measured turn statistics (Figure 4D) . Because there was little correlation between each turn angle and the run length that followed it ( Figure S3C ; Pearson's correlation coefficient, 0.055), we selected turn angles and run lengths independently from the experimental distributions to update the fly's position. We systematically varied the probability that two consecutive turns would be in the same direction from 0.50 to 0.95. All trajectories ended when the fly reached a radial distance of 270 mm from the simulated food drop (three times the radius of the actual arena). For the simulations in which the probability that two successive turns would be in the same direction was 0.75-a more stringent condition than our observed statistics-many of the trajectories were somewhat localized ( Figure 4E) ; however, the simulated trajectories were not centered on the food drop but rather scattered throughout the arena ( Figure 4F ). Also, the simulated flies traveled much shorter distances before reaching the arena wall ( Figures 4G and 4H ), and the nearest returns to the food drop were farther away than in the experimental case ( Figure 4G ). Based on these results, we conclude that the transition in turn statistics following a food encounter and the bias in turn angle are not sufficient to reconstitute the salient features of the centered search.
Another popular model for random search is the L evy process, in which turns are random in direction and both long and short runs are overrepresented relative to a Gaussian distribution [27] . This scale-independent pattern is thought to be optimal under the condition that an animal does not have access to any sensory cues as it searches. However, the run length distributions from either before or after a food encounter are distinctly In the dark trials, we eliminated visual cues by turning off the overhead white lights and covering the arena with a black acrylic plate that transmitted IR light for imaging, but not light in the visible spectrum of the fly. In the sucrose trials, we eliminated olfactory cues by using an odorless food spot (500 mM sucrose). Prior to starvation, the diets of the flies used in the sucrose trials were supplemented with additional yeast so that they would not be protein deprived. In the oe À flies, we used flies in which the contact pheromone-producing oenocytes were genetically ablated. Sucrose trials lasted 45 min; all other trials lasted non-linear on a log-log plot, which is inconsistent with a L evy process ( Figures S3A and S3B ).
The Turning Statistics Correlate with the Fly's Position Relative to the Food Drop To perform true path integration, an animal must accumulate a measure of distance traveled relative to each compass orientation so that when it wishes to return to the origin, it possesses an internal representation of the direction and distance of home relative to its current location [28] . Although this task is simplified by the use of a global compass cue such as the position of the sun [29, 30] , it is also possible to simply keep track of orientation by rotational dead reckoning. The desert ant Cataglyphis and other virtuoso central place foragers use their nest as an origin for this process. If fruit flies and other animals use path integration for local search, then the integrator is set to zero when they encounter a food drop. They then loop outward, accumulating a homing vector until they either find a new food site or some internal process triggers a return to the original drop. Assuming a fly's decision to return to the drop is internally generated, it is not so straightforward to test the path integration hypothesis by translating the fly after it has begun its homing run. This is easy to do in Cataglyphis, because the return to the nest is triggered when it finds a food morsel [28, 31] . Another, less rigorous, means of testing whether flies possess an internal representation of their position relative to the food drop is to see whether they bias their turns and runs based on their location relative to the food. Assuming they possess an internal representation of their position, one would predict that the flies should turn through the shortest angle to re-orient themselves relative to the food [32] . To determine whether turns were biased in this manner, we defined a metric called the food angle as the angle between the fly's instantaneous bearing and a vector pointing from the fly to the food ( Figure 5A ). We calculated the food angle just before and just after flies executed each turn. In sequences following a food encounter, flies tended to initiate a turn when they were facing away from the food (food angle $110 -140 ; Figure 5C , yeast, before turn), but immediately after the turn they were facing toward the food (food angle $45 -90 ; Figure 5C , yeast, after turn). In the water case, the flies essentially walk straight away from the drop toward the arena wall, and thus the pre-turn food angles are clustered near 180 (Figure 1B) . Although they initiated turns when facing away, flies did not turn back as sharply toward water, but rather turned either to the left or right as indicated by the two lobes in the polar plot in Figure 5C . In the yeast case, however, flies tended to circle the drop, and thus the distribution of pre-turn food angles is skewed away from 180 toward smaller angles. These results suggest that flies somehow keep track of the rough location of the food and turn accordingly. To preferentially initiate a turn at a certain food angle, a fly would also need to keep track of the distance it has traveled because its angle to the food changes as it walks in a straight line ( Figure 5B , bottom path). In addition, the farther away from the food the fly is (distance between food and fly, not the total distance walked by the fly), the longer it would have to walk in a straight line for the food angle to change ( Figure 5B , compare inner and outer paths). We indeed find that run lengths increase if they are initiated farther away from the food ( Figure 5D , sample distributions; Figure 5E , medians). This suggests that flies compute both their angle to and distance from the food drop.
Flies Periodically Return to the Food during a Local Search
In our model of the flies' local search, the location of the small food spot serves as a local home, from which the subsequent search forays are centered. When we plot the distance from the food drop as a function of total distance walked, these outward excursions and inward returns appear as peaks and valleys ( Figure 6A ). In some trials, excursions out and returns to the food continued as the fly walked a total distance of 6 m ( Figure 6A ). To detect the underlying periodicity in the returns to the food, we calculated the autocovariance, which is a way to measure the correlation of a signal with itself when shifted by a given interval. In some cases, we found strong evidence for periodic behavior in which the fly returned to the food ( Figure 6B ). To determine whether the periodicity varied among flies, we constructed a pseudo-color map of the autocovariance function in which each row is an individual fly and the rows are ranked, columnwise, by the distance between the central peak and the first side peak ( Figure 6C ). We plotted all flies from the yeast trials in the large arena (combining trials performed in the light and dark because we observed no qualitative difference between them). Based on this analysis, the spatial constant of the periodic returns ranges from about 100 to 300 mm. Because flies rarely paused when they were conducting a local search and walked at a relatively constant speed, the spatial value of 200 mm is equivalent to a timescale of $20 s. In the few instances in which flies did stop during the local search, the periodicity seemed to be more correlated with total distance walked rather than time elapsed. We also calculated the autocovariance for trajectories generated by our biased run-and-tumble simulation that was constructed using the measured distributions of turn angles and run lengths (Figures 6D and 6E ; note the change in y scale in Figure 6D ). The autocovariance of these simulated trajectories did not show any evidence of periodicity, suggesting that the cyclic returns that we observed were not due to any low-level features of the flies' behavior ( Figure 6F ). 
DISCUSSION
We examined the local search exhibited by walking fruit flies after encountering a small, high-quality food source. Like other insects, flies can use visual landmarks for place memory [9, 11] , and can use olfactory cues to find and remain near a food source [23, 33, 34] . However, we found that flies can still perform centered searches in the absence of visual, olfactory, or pheromonal cues. Even when we moved the position of the food after a fly had initiated its search in the dark, flies continued to circle and revisit the original location ( Figure 3) . Thus, despite the food remaining in the arena and presumably providing some olfactory cues to a new location, the fly does not simply follow an odor gradient or plume to revisit the food. If this were the case, one would expect the fly to bias its search toward the new food location immediately after the food was moved. Instead, the search path did not shift until the fly re-contacted the food in a new location. The conclusion that olfactory cues are of minor importance within our chamber was further supported by the observation that it took flies quite a long time to find the food at the start of the experiment. Collectively, our results suggest that flies use idiothetic and not allothetic cues to center their search at a location where they have recently found one small source of food.
Evidence for Path Integration during Local Search
Previous studies of this behavior focused on changes in locomotor statistics, such as walking speed, turn angles, and turn frequency, but did not explicitly test whether those changes were sufficient to recapitulate the search behavior [18] [19] [20] [21] . We measured similar locomotor changes during the local search as in previous studies, but found that simulations drawing from experimentally measured distributions did not reproduce the most noteworthy feature of the behavior-its centered orientation with respect to the food location. In these simulations based on a random walk the trajectories tended to drift away from the food over time, whereas in real local searches the trajectories remained centered and the flies revisited the food after searching for up to a total distance of 6 m ($2,400 body lengths). A hypothesis that is consistent with the behavioral capabilities of other arthropods is that fruit flies use path integration to search around, but remain close to, the location of a discovered food source. Our experiments do not report what is going on in the fly's brain, but based on our results we believe that idiothetic path integration is the most parsimonious explanation.
Although flies encircle the food as they search, they do not walk along a continuous curve but rather move in short straight segments interspersed with saccadic turns [35, 36] . The majority of turns start when the fly is facing $110 -140 away from the food and result in a new orientation of $45 -80 . In this manner, the fly maintains a roughly circular trajectory around the food, by walking in a straight line until it is facing away from the food and then turning toward the food again-like a human walking around a town square and occasionally returning to a fountain in the middle. According to our hypothesis, we propose that the turns are triggered by the accumulation of an internal integrator. Although recent experiments show that flies possess head-direction cells in the central complex that could keep track of absolute orientation [12] , it is not trivial for a fly to measure its orientation relative to the food, as this will continuously change even as the animal walks in a straight line ( Figure 5B ). In addition, the farther the fly is away from the food, the greater the distance it must walk to produce the same food angle. We did indeed observe that flies executed longer runs as their distance to the food increased ( Figures 5D and 5E) . Thus, if a fly was able to estimate its orientation relative to the food, it must keep track of both the angle that it has turned as well as the distances it has walked after each turn. In this discussion, we do not mean to imply that the fly must keep an internal representation of food angle per se; this metric simply provides a convenient means of quantifying how the fly's behavior varies as its orientation and distance relative to the food changes. The behavior we propose might be implemented via a number of different neural representations of the relevant variables or their correlates.
Another feature of path integration as executed by insects is homing, i.e., returning back to some original location where the integrator is set to zero. During their local search, flies do appear to periodically return to the food source ( Figure 6 ). However, the trigger for a return run during the flies' local search behavior is ambiguous compared to the trigger for homing in the excursions of central place foragers such as desert ants. For central place foragers, food discovery clearly initiates the return run back to the nest, at which time the animal uses the distance and heading information accumulated during the outward search. In the case of local search, flies depart from and return to a food source, rather than a nest. Although on a smaller scale, this form of path integration exhibited by flies would be similar to what foraging ants must do if they are not successful at finding food on a foraging run; their eventual return (empty handed) to the nest must be triggered by some internal process and not the discovery of a food morsel.
Assuming flies rely on path integration to execute a local search, what circuits are responsible for the internal computation? A population of so-called wedge neurons in the ellipsoid body appear to encode the azimuthal direction of a walking fly [12] , and are thus analogous to head-direction neurons in the hippocampus of mammals [37] . As of yet, there are no good candidates for neurons that encode distances traveled based on idiothetic cues, but one possible mechanism would be the stepcounting mechanism similar to that proposed for Cataglyphis, which relies on proprioceptive feedback during walking [8] . However, at this time, we have a poor understanding of how proprioceptive cues or an efferent copy signal might be integrated with information from the wedge neuron network to store a running estimate of vector position relative to some starting point.
Local Search as a Foraging Strategy
The local search is thought to be a means of finding additional food around the original source, but is it an effective strategy? A defining characteristic of the local search is its centralized structure, in which the fly revisits the original location of the food multiple times. The resulting search density is thus centered on the food with a roughly Gaussian decay moving outward. Theoretically, this search density is the optimal solution when searching for a target whose target location probability is also centrally distributed [38, 39] . The expected target distribution, together with the detection range of the animal, sets an optimal radius within which to constrain the search [38, 39] . In the wild, the fly is most likely searching for small clustered patches of yeast on a rotting piece of fruit. In experimental patchy environments, where drops of food are arranged in either a linear or hexagonal array, flies that search are more successful in finding the additional drops of food [18, 19] . Having found one patch, the target probability distribution for additional sources of food would then be centralized around the position of the original patch. The flies seem to search within a radius of $60 mm from the food drop, suggesting that a common mechanism controls how far out the flies walk before returning back to the drop. Although perhaps coincidental, we note that this search area is roughly the size of a piece of fruit.
In summary, we propose a three-stage model for the local search behavior. The first stage sets the food source as the home location. This decision depends on the internal nutritional state of the fly and the identity of the food source. As in previous experiments with blowflies [18] , protein-deprived flies will stop and eat at a sucrose drop, but do not search locally after leaving the drop ( Figure S1D ). In the second stage, flies use their internal spatial sense to maintain a search path that roughly circles the food. What sets the radius of the excursion is unknown but is most likely related to the quality of the food source. In the third stage, the fly returns back to the food, which by analogy with central place foragers represents a local home. The trigger for these returns is most likely some threshold of total distance walked or time spent walking since their prior exodus.
The structure of the fly behavior resembles nest searches executed by desert ants that have arrived back at the position of their nest predicted by their path integrator. Wehner and coworker posited that the nest search was an interrupted spiral search, in which the ant spirals out from the remembered nest location with periodic returns to correct for navigational errors [40] . Although in some cases we did observe an increase in the size of each successive loop (out from the food and back again), there was no clear pattern of radial increase overall. With respect to navigational accuracy, periodic returns to the center would help correct for the accumulation of errors as the fly walks farther out from the already-discovered food source.
From an ethological perspective, the structure of the local search may be a result of competing drives for exploitation and exploration, i.e., the fly is balancing the decision to stay and feed at an already-discovered food source with the decision to leave and seek another, potentially better, food source. A recent study suggests that these decisions are heavily influenced by the fly's nutritional state, mating status, as well as quality of the food [22] . We suspect that this behavior is not unique to Drosophila and their close relatives, but rather is a quite ancient form of path integration that is useful in different contexts and is part of the ''Devonian toolkit'' [41] that evolved in the early terrestrial ancestors of insects. Drosophila and other insects utilize this behavioral module for local food search, whereas desert ants exploit the same capability for nest provisioning. However, given the remarkable regularity of the insect brain-in particular the central complex [15] -we suspect that both journeyman and virtuosic examples of path integration rely on the same underlying circuitry.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests of data, software, and reagents should be directed to and will be fulfilled by the Lead Contact, Michael H. Dickinson (flyman@caltech.edu)
EXPERIMENTAL MODEL AND SUBJECT DETAILS
We maintained flies on a 12:12 light:dark cycle at 25 C and used 4-day old mated females in all experiments unless otherwise specified. Most trials were run using a wild-type strain (Canton-S) that originated from the lab of Martin Heisenberg. To genetically test the role of olfaction, we also used an odor-impaired Orco 2 line [42] backcrossed into our Canton-S strain for 5 generations. To test the roles of pheromones in local search, we genetically ablated oenocytes, the cells that synthesize and secrete cuticular pheromones. Oenocyte-less flies (oe -flies) were generated by crossing +;PromE(800)-Gal4[2M], Tub-Gal80ts;+ males with +;UAS-StingerII, UASHid /CyO;+ females and employing a heat-shock protocol [26] . Because of the constraints of the heat-shock protocol, the oe -flies used in the behavioral experiments were 6-days old, rather than 4-days old. Mated females actively balance their nutrient state by alternately feeding from protein-rich food and carbohydrate-rich food [43] . We measured the preference of our flies for protein-rich yeast and pure sucrose using a two choice assay [43] . We found that flies raised on our standard laboratory food preferred yeast, indicating that they were protein-deprived. In trials labeled 'Y+', we supplemented our fly food for larvae and adults with additional dry yeast so that the flies would prefer sucrose over yeast. To elicit robust foraging behavior, we kept flies in a vial with water but no food for 23-25 hr prior to each trial [20] . For ease at placing them in the isolated vials, we briefly anesthetized them at 4 C on a cold plate. Behavioral experiments were performed within a 4 hr period during the evening circadian activity peak (starting at 3 hr before the beginning of the dark cycle).
METHOD DETAILS
Most experiments were conducted using a 170 mm diameter, 3 mm high circular chamber fabricated from a single piece of white Delrin. The chamber was covered with either a sheet of glass (for trials in light) or a long pass acrylic filter (Plexiglas G sheet color 3143, 3 mm thick) with a cutoff of $385 nm (for trials in the dark). We coated the underside of the ceiling with Sigmacote (Sigma-Aldrich) to prevent flies from walking upside down. The fly chamber, background lighting panel, camera, and lights were held within a rigid frame constructed from extruded aluminum (80/20), and the entire structure was covered in cloth to block outside light from entering the chamber. An upward-directed hexagonal array of 850 nm LEDs (Illumination Control, Inc) covered by a 3mm thick, translucent acrylic panel placed beneath the arena floor provided backlighting for a top-mounted camera (Basler acA640-100 GigE camera). A 3 cm gap separated the LED panel and diffuser from the bottom of the arena. To prevent the infrared LED illumination from heating the floor of the arena, two computer fans mounted at the back of the 80/20 frame circulated air through this gap. For experiments in a smaller arena (60 mm dia), we inserted a white acrylic sheet with four laser-cut circles into the 170 mm diameter chamber.
In some experiments, visible light was provided by two white LEDs suspended 35 cm above the chamber surface. The LEDs faced outward such that their light bounced off of the reflective cloth surrounding the arena to provide diffuse illumination. We placed a white cylinder (height 100 mm, inner diameter 250 mm) around the arena to provide a uniform visual background. In experiments in which we tested the flies' behavior in the absence of visual cues, the white LEDs were turned off, the glass cover was replaced with a long-pass acrylic filter (see above), and the experiments were conducted in a dark room with shade cloth blocking stray light from entering through cracks around the door.
To perform experiments in which the food drop could be moved, we equipped an arena with a 12.5 mm wide sliding strip, flush with the arena floor, which could be translated along one dimension. The cross-section of this strip was machined to form a T-shape. The slider allowed us to quickly move the location of the food drop from the center of the arena to a position just adjacent to the wall. Preliminary experiments indicated that we had to move the slider quite carefully so that the vibrations caused by its motion did not disturb the fly and initiate a freezing behavior. Sufficient humidity was also required so that the motion of the slider did not generate a large static electric field. We moved the slider manually.
At the start of each trial, we placed a 1 mL ($1.5 mm diameter) drop of food or water at the center of the arena. To ensure consistent food placement from trial to trial, we fabricated a removable acrylic guide plate with a 5 mm diameter hole cut in its center that fit flush into the arena chamber. The guide plate was inserted into the arena, food was pipetted roughly in the center of the hole, and then the guide plate was removed. After the end of each trial, we measured the position of the food drop by coloring the food residue with water-soluble marker and detecting the darkened spot with the tracking software.
The food drop was either 5% yeast or 500 mM sucrose. After preparation, the yeast solution was either kept on ice and used that day, or frozen at 20 C and thawed on the day of the experiment. The sucrose solution was prepared in advance, frozen at 20 C, and thawed on the day of the experiment. We aspirated flies from their vials and placed them in the arena under the glass cover. The temperature of the room in which we performed the experiments was held between 21 C to 22 C, and the relative humidity ranged from 40%-50%. To further humidify the air within the 80/20 frame holding the arena chamber, we placed a damp Kimwipe at each corner of the arena above the cover and behind the white circular wall, where they were not visible to the flies. The cover to the arena was not air-tight, allowing exchange of gas with the outside. Each trial ran for 30 min, or in the case of the sucrose experiments, 45 min.
QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral tracking
We used a Basler camera (acA640-100 GigE) and a 5 mm Computar lens to track the flies. Images were collected at 60 frames per second and fly contours were detected in real-time using custom software, written in Robot Operating System (ROS) and Python (downloadable at https://github.com/ssafarik/Flylab). The images were corrected for lens distortion and camera position using the pinhole camera model in openCV. The software determined the 2-D position, speed, and body angle of the fly based on background-subtracted images and Kalman filtering of the raw trajectory data. The software automatically converts from pixel coordinates to real-world coordinates, based on a calibration routine in openCV.
We smoothed the raw x and y coordinates with a 1-D Kalman filter and defined heading as the vector tangent to the fly's path. We then numerically differentiated the heading (using a Savitzky-Golay filter without smoothing) to obtain angular velocity. We classified all trajectory sequences into bouts of walking and stopping using a Schmitt trigger algorithm as described previously [36] . The fly was classified as stopped if its speed fell below 1 mm s -1 and walking if its speed rose about 2 mm s -1 . If the fly's speed was between these two thresholds, it retained the classification of the previous state. In addition, we set minimum length requirements of 0.2 s for stopped bouts and 0.05 s for walking bouts. In many instances, we observed that a series of classified stops were separated by very short distance walking bouts. By eye, these series of stops appeared to be one continuous stop. Therefore, if a fly remained within 0.5 mm of the stopped coordinates in a 1 s window preceding and following a stop, those points were also classified as part of the stop. We classified the fly as being within one of three possible locations in the arena: at the food, on the wall, or on the floor. The fly was considered to be at the food (i.e., encountering food) if it was within 2 mm from the edge of the food drop and stopped for more than 0.2 s. The fly was considered on the wall if it was within 2.5 mm from the arena edge. We applied Schmitt trigger logic to define when the fly was on the floor; it had to be farther than 4 mm from the edge of the food drop and farther than 4.5 mm from the arena edge to be classified as on the floor.
We classified the portion of each trail prior to the point when the fly contacted the drop as 'before food', the subsequent data to the point each fly contacted the wall was classified as 'after food'. Subsequent segments in which the fly left the food were also classified as 'after food' trajectories. To calculate residence probabilities within the arena, the data were transformed into constant velocity trajectories by interpolation along the path with a step size of 0.5 mm.
To calculate minimum distances to the food shown in Figure 5 , we detected local minima in traces of distance from food plotted as a function of total distance walked, after first applying a 5 th order Butterworth filter with a cutoff frequency of 0.02 samples mm -1 . All local minima that were within 5 mm of the food drop were counted. For those greater than 5 mm, the minima had to drop at least 20% from the value of the maxima immediately preceding it to be included. We used the same distance from food traces to calculate the autocovariances shown in Figure 6 . We subtracted the mean from each signal and then calculated the autocorrelation function. We classified turns by detecting changes in the flies' angular velocity. We first applied a lowpass 4 th -order Butterworth filter with a cutoff frequency of 6 Hz to the angular velocity, and then smoothed this signal using a 10 frame moving average. Turns were defined as peaks higher than 120 s -1 . To calculate the turn angle, we fit straight lines through the x-y coordinates for the 4 frames preceding and following the peak in angular velocity and calculated the angle between them. We combined turns if they occurred within 0.5 mm of each other and discarded events in which the overall change in heading angle was less than 20 (0.3491 radians). Turns that occurred when the fly was either stopped or at the wall of the arena were also excluded. We determined the turn angle and run length statistics for flies before and after they encountered the food drop. There was no significant difference in after food turn statistics for e2 Current Biology 27, 2227-2238.e1-e3, August 7, 2017 yeast trials in the light and dark, so they were combined for the analysis shown in Figures 4B and 4C . To find the food angles immediately preceding and following a turn, we calculated the angular difference between the straight lines used to calculate the turn angle and vectors pointing back toward the food.
Run and tumble simulation
We created an agent-based model of a walking fly based on the experimentally measured turn and run statistics (see above). In our simulation, a fly was initialized at the center of the virtual arena at an angle of 0 radians (facing right). We then randomly drew values from turn angle ( Figure 4B ) and run length distributions ( Figure 4C ). Because we found little correlation between a turn angle and the following run length (see Results and Figure S3C) , the values were drawn independently. The first turn direction was assigned a 50% probability of being to the left or right. For subsequent turns, turn direction was influenced by the direction of the preceding turn and in different simulations we varied the probability that two successive turns would be in the same direction from 0.65 to 0.95. We updated the position of the fly by first applying the sampled turn angle and direction, and then moving the simulation in the new direction by the sampled run length. The simulation continued until the fly exceeded a radial distance of 255 mm, three times the experimental arena radius of 85 mm. In Figure 4 , we terminated the simulation trajectories at a radial distance of 85 mm for comparison with the experimental data. In Figure 6 , we used the full simulation trajectories to calculate the autocovariance.
Data reporting
All measures of variance are reported as median and 95% confidence intervals, determined via a bootstrap procedure written in python. For the run distributions shown in Figure 5E , we also calculated the medians and 95% confidence intervals for shuffled data, where the run length and accompanying distance from the food were randomly paired.
DATA AND SOFTWARE AVAILABILITY
The data from this manuscript are published on Mendeley Data at http://dx.doi.org/10.17632/3rfdw7p6x6.1.
